In this letter, a new approach to perform edge detection is presented using an all-dielectric CMOS-compatible metasurface. The design is based on guidedmode resonance which provides a high quality factor resonance to make the edge detection experimentally realizable. The proposed structure that is easy to fabricate, can be exploited for detection of edges in two dimensions due to its symmetry. Also, the trade-off between gain and resolution of edge detection is discussed which can be adjusted by appropriate design parameters. The proposed edge detector has also the potential to be used in ultrafast analog computing and image processing.
Recently, researchers have succeeded in overcoming relatively large size and slow response of electronic and mechanical analog computers by introducing a new concept of analog optical computing. This concept has been used to all-optical performing of different real-time computations and operations in the temporal or spatial domain. A plethora of works have been done on temporal analog optical computing including optical temporal differentiator based on ring resonator [1] , photonic temporal integrator [2] and all-optical differential equation solver [3] . On the other side, for spatial computation, the two approaches proposed in [4] allow implementation of the desired transfer function in the spatial domain using metasurfaces or metamaterials with engineered meta-atoms or a multilayered slab that is transversely homogenous but longitudinally inhomogeneous. Furthermore, the spatial differentiation, as one of the primary operators for optical processing has presented in [5] using phase-shifted Bragg grating and in [6] based on Brewster effect at oblique incidence.
Recently, Zhu et al. have proposed a plasmonic-based spatial differentiator and have shown that it can be used for edge detection, a method in which intensity changes in an image is described [7] , without any Fourier lens [8] . Edge detection, as the first step in object detection, simplifies the image processing by decreasing the under processing data [9] . However, time-consuming computation of high-throughput edge detection requirement represents a key challenge in applications with real-time image processing [8] . The differentiator proposed by Zhu et al. [8] has a high gain because of a narrow plasmonic resonance which is due to the excitation of a surface plasmon. The high gain is a very important feature which makes the edge detection experimentally viable by overcoming inevitable noise. However, their design requires fine-tuning of geometrical and material parameters because it works based on critical coupling condition, i.e. the equality of radiative leakage rate of the structure and the intrinsic loss rate of the plasmonic material. Moreover, their structure detects edges merely in one dimension, owing to the fact that its based on the one-dimensional first-order derivative of the incident beam profile [8] . To realize two-dimensional edge detection, one can use the two-dimensional differentiators like Laplace operator. For example, this operator has been synthesized by phase-shift Bragg grating in [10] , but for increasing the gain of the structure, several numbers of Bragg layers is necessary that increase the size and fabrication complexity of the structure. In this paper, we propose an all-dielectric CMOS-compatible ultrathin metasurface with two-dimensional periodicity to realize two-dimensional edge detection. Our structure is in light of guided mode resonance (GMR) [11, 12] and its fabrication is easy. The high quality factor GMR is exploited for providing high-gain edge detection. The amount of gain that affects the bandwidth of edge detection can be controlled arbitrarily by adjusting design parameters of the structure for the desired wavelength. Fig. 1(a) illustrates the metasurface consisting of a slab of silicon dioxide (SiO 2 ) with height H and the refractive index of n = 1.46 that functions as the cover and substrate for periodic silicon nitride inclusions. These inclusions with the refractive index of n = 2, height h, and width D are arranged symmetrically at the center of silicon dioxide slab with identical periods of Λ in both x and y directions.
The GMR condition is satisfied when the incident plane wave couples to a leaky waveguide mode due to the periodicity of the structure. This condition for the normal incidence can be formulated as,
in which, m and n are integers,
Λ is the grating wave-vector, and β r is the real part of the propagation constant of the leaky mode which depends on the wavelength because of the modal dispersion.
By appropriate selection of period, one can observe resonance under the normal incidence, leading to a dip in the transmission coefficient of the metasurface. The first resonance is depicted in the Fig. 1(b) for 3 different values of h assuming Λ = 500 nm, D = 0.5Λ and H = h + 200 nm. These results have been calculated by rigorous coupled wave analysis (RCWA) [13] for TE-polarized normal incidence. Due to the x-y symmetry of the structure, the transmission coefficient will be the same for TM polarization at normal incidence. As it is obvious from Fig. 1(b) , the height of the inclusions can be increased to achieve less leaky waveguide mode that leads to a broader linewidth and lower quality factor. Not only does the height of the inclusions affect the linewidth, but also it changes the central wavelength of the resonance due to its influence on the propagation constant in Eq. (1). Nevertheless, one can adjust the period to achieve the resonance in a given wavelength. For this purpose, we can calculate the resonant wavelength by Eq. (1) in which the dispersion of propagation constant can be approximately obtained using effective medium theory [14] .
In addition to numerical analysis, the transmission coefficient, depicted as circles in Fig. 1(b) , has been calculated by phenomenological analysis of temporal coupled mode theory (CMT) [15] which predicts the shape of the transmission coefficient with a good agreement with the RCWA results. Now, we consider a normal incident beam illuminating the structure. We can decompose this beam into TE and TM-polarized beams and express them as the superposition of plane waves by spatial Fourier transform,
in which, k = k xx + k yŷ + k zẑ is the wave-vector, u TM = − cos ϕ cos θx − sinϕ cos θŷ + sinθẑ and u TE = − sin ϕx + cos ϕŷ are the unitary vectors associated with TM and TE polarizations in which θ and ϕ are elevation and azimuthal angles specifying the angle of incidence according to Fig. 1(a) . In addition,Ẽ TE (k x , k y ) andẼ TM (k x , k y ) are spatial frequency spectra of TE and TM-polarized beams that can be calculated given the polarization of the incident beam and its spatial spectra [10] . If we assume that the incident beam is linearly polarized such that all of its plane wave components are TE-polarized, we can express it in Cartesian coordinate system as follows,
Owing to the fact that the incident beam has only TE-polarized plane wave components, the transmitted beam is simplified as,
where T TE (k x , k y ) is the transmission coefficient for the TE-polarized incident plane wave which its incident angle is specified by k x and k y . Therefore, for an incident beam with described spatial Fourier spectra given by Eq. (4), the transmitted beam is polarized in the same direction and the Fourier spectra of its Cartesian components can be expressed as,
Based on RCWA results, T TE has been depicted for 3 values of h as a function of k x /k 0 for ϕ = 0
• in Fig. 2 (the other parameters are Λ = 500 nm, D = 0.5Λ and H = h + 200 nm). Because T TE is zero for k x = k y = 0 and due to symmetries, it can be expressed as a parabolic curve of k x (for k y = 0) retaining the first non-zero term in Taylor expansion. This curve fitting is accurate within a specific bandwidth. As it obvious in Fig. 2 the spatial bandwidth of the resonance, as similar to the temporal bandwidth, can be controlled by the appropriate height of inclusions. The significance of bandwidth control will be further elucidated when the role of the resonance bandwidth in the edge detection is discussed. Fig. 3 illustrates T TE versus k x /k 0 and k y /k 0 for Λ = 500 nm, D = 0.5Λ, h = 70 nm and H = 270 nm at λ = 668 nm (the resonant wavelength). According to this figure we can consider
that are due to symmetries of the structure. It is simpler to express T TE as a function of the two parameters of polar coordinate i.e. ϕ = tan
instead of k x and k y . Due to the fact that T TE (ϕ, k r = 0) is zero at the resonance and based on the symmetries, the first non-zero polynomial approximation of
Based on the Eq. (6) and the form of Eq. (7), we can obtain the edge-detected image as the output of the metasurface and define α(ϕ) as the gain of the edge detection. We plotted α(ϕ) in Fig. 3(b) which shows lower gain around ϕ = 45
• .
In Fig. 4(a) we depicted square-shaped input beams with different sizes and calculated the transmitted images by transfer function of Fig. 3 corresponding to these beams in Fig. 4(b) . It can be seen that the edges in both dimensions are resolved for large enough beams. However, the edges of the smaller beams are not well resolved. Smaller beams have a higher spatial frequency content being out of the device bandwidth in spatial frequency domain. So there is a trade-off between the resolution and the gain.
For silicon nitride patches with height h = 70 nm, the minimum size of the beams of Fig. 4(a) that can be resolved is approximately 335 µm in light of Rayleigh criterion. It should be noted that by changing the height of the inclusions, the bandwidth of the resonance can be controlled that leads to a change in this resolution.
It is worth mentioning that according to Figs. 3 (a) , (b) for ϕ = 45
• the metasurface provides edge detection with minimum gain but with maximum bandwidth. For highlighting this effect, we rotate the incident beams for 22.5
• , 45
• and 67.5
• in Fig. 4(c) . As expected, the transmitted images in Fig. 4 (d) represent lower intensity (darker edges) as the rotation angle approaches to 45
• . However, the lower gain leads to a higher bandwidth and as a result to a better resolution which is plotted as a function of ϕ in Fig. 5 . According to this figure and as our expectation, the resolution is better around ϕ = 45
• . Finally, we evaluate edge detection using proposed metasurface on the Sharif University of Technology logo as illustrated in Fig. 6(a) . The transmitted image amplitude in Fig. 6(b) demonstrates edges of the incident image. Although the transmitted image is bereft of exactly uniform amplitude because of gain dropping around ϕ = 45
• , the more quality of edge detection around this angle is clear from the transmitted image which is due to the higher bandwidth of device around this angle.
In summary, we proposed a CMOS-compatible metasurface that can be used for edge detection with high-gain. This high-gain edge detection makes the detection experimentally feasible even for images with low-gradient edges and in the presence of unavoidable noise. The proposed structure can be used for edge detection in two dimension. Although the intensity of edges is not uniform in different directions, the information about existence of edges of an image in all directions can be provided by considering a threshold amplitude in the transmitted image. In addition, with respect to the size of the objects in the input images, the guided mode resonance with appropriate bandwidth can be selected based on the gain-resolution trade-off. 
